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- ABSTRACT .
The winter run of chinook salmon (Oncorhynchus tshawytscha) on the Sacramento
River in.Califomiai, U.S.A. was the first Pacific salmon stock to be listed under the U.S.
Endangered Species Act. We describe some of the characteristics of Pacific salmon
populations that require special consideraﬁon in ﬁabﬁity analysis while developing a
model specific to the Sacramento River winter run of chinook salmon . Their
anadromous, semelparous life history leads to a special definition of quasi-extinction. .
Random variability occurs prima:iiy in spawning or early life and is reflected in the
‘ cohort replacement rate, the number of future spawners produced by each spawner, a
- measure consistent with the common practice of characterizing salmon popuiation _
dynamics in terms of stock-recruitment relationships. We determine the distribution of
cohort replacement rates from spawning abundanc;z data and life history information.
We then show through simulations that: (1) replacing this distribution with a
lognormal distribution with the same mean and variance has a negligible effect on
extinction rates, but that (2) approximating an indétexminant semelparous life history
using a determinant semelparous life history leads to inaccurate estimates of extinction
rate. We derive delisting criteria that directly assess the effects of habitat improvement
on the population by explicitly including popuiaﬁon growth rate. These delisting
‘criteria also allow for the uncertainty involved in determining whether a population has
met the delisting criteria. This uncertainty arises because of the limited accuracy in
estimating spawner abundance and the finite number of samplés used to estimate
population growth rate. Because the probability of extinction will generally be very
sensitive to the uncertainty involved in meeting delisting criteria, we recommend that

similar uncertaihty be accounted for in future recovery criteria for all endangered

species.
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Pacific salmonids (Oncorhynchus spp.) are a significant component of the natural
heritage of western North America, yet many stocks are at risk of extinction. A recent
evaluation of extant, naturally spawning ﬁative Pacific salmon stocks ;denﬁﬁed 214
depleted stocks: 101 were at high risk of extinction (i.e., were declining or had spawning
runs less thah 200), 58 were at moderate risk (i.e., were rélatively constant following
recent decline); and 54 were of special concern for a yagiety of reasons (Nehlsen, et al.
1991). Atleast 106 additional stocks were known to Be extinct. Existing threats and
causes of extinction included alteration of flows in spawning rivers, removal of
spawning habitat, overfishing in mixed stock fisheries, and hatchery production
(Nehlsen, et al. 1991, Moyle 1994). Several stocks have now been listed as endangered .
or threatened under the US. Endangered Species A;:t (ESA), of which the Sdcramento

- River winter run chinook salmon was the first in 1989.

Under the ESA, Pacific salr.ﬁon are delineated by distinct population segments,
rather than by species. This view of salmon populations as groups of separate stocks
has a long history in Pacific salmon res«_'zarth,‘(R,i'ckéxj}??.Z, Thorpe, gt_.a.l. 1981, also see
the review in Nehlsen, et al. 1991). For purpo;c.es of the ESA,.a distinct population
segmenf is specifically defined as an ew)olutionary significant unit, which is an
interbreeding group of fish that: (1) is .substanﬁa]ly (but not necessarily completely)
reproductively igolated and (2) represents a uhiciue component in the evolutionary

legacy of the species (Waples 1991). Usipg‘thig. defmmon, many. races of the six species
Pacific salmon species will require specific :considér;atior; under the ESA. | |

It appears that the declines in Pacific salmon are primarily due to alteration or
deterioration of freshwater habitat; and ihat habitat restoration rather than additional
hatcheries will be necessary to restore these 'sl.pg'ci'es. Neh]seﬁ, et al. (1991) concluded
that in 90 percent of the cases they examined, the ﬁtost likely cause of the decline was
deterioration of habitat. They joined others m recommending approaches to reversi_x'lg

the broad decline in these stocks that include greater dependence on habitat restoration
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and ecosystem function, rather than artificial production through hatcheries (e.g., Healy
1994, Waples 1994). In a review of past performance of the Endangered Species Act, *
Tear, et al (1993) recommended habitat restoration as a necessary component of species

recovery in general. Hard, et al. (1992) outlined the problems associated with hatchery

production of endangered salmonids.

There is a need to develop methods for assessing population viability speaﬁca]ly

for the anadromous forms of the genus Oncorhynchus Although the timing and
duration of freshwater and marine phases, as well as the age of maturity of these
anadromous fish, vary greatly (Groot and Margolis 1991), all but the steelhead
(Oncorhynchus mykiss) and sea-run cutthroat trout (O. clark:) die after spawning,.
.Because of their unique, indetermihant semelparous life history and the fact that only
part of the population (i.e., spawning adults and returning juvenile) is at high risk at
any one time, special methods of risk assessment are required to accomplish three basic
functions generally associated with recovery of species atrisk: (1) assessment of
current status, (2) planni.ng' strategies 'fo'r.ije’i:ovexy,' and (3) establishing delisting criteria.
The last purpo'se, deciding when a species no longer requires special profectiori, must
incorpofate fundamental decisions regarding the way in which the risk of extinction is
to be reduced, yet it has received little attention in the population dynamics literature.
Also, some of the analytical tools needed to address this aspect of the problem, such as
accounting for uncertainty in p'opul_atién' abundance estimates, have yet to be developed

w s ew. .

(but see Taylor and Gerrodette 1993). "7
The winter run is one of four distinct races of chinook salmon in the Sacramento

River, each named for the time at which they enter the river to spawn (Fall, Late Fall, -
Wmter and Spring). Genetlc studies stiggest that in spite of forced overlap of spawning
grounds due to flow alteranon and the potenhal for stocks being cross bred in
hatcheries, stocks still appear to be substantially isolated (Fxsher 1994, Nielsen, et al.

1994). The winter run enters the Sacramento River in January and February, spawns in
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early summer, and juveniles develop during the summer months, migrating to the

ocean the following winter or spring. Historically they spawned in the cool, spring-fed

streams on the upper Saqamento, P1t, and .M.e_Cleud Rivers, Battle Creek and Hat Creek

~ (Fig. 1). Spawning run sizes before the 1870s were estimated from qualitative

observations to be in the hundreds of thousands (Stone 1876) and ranged from 180,000
to 300,000 between 1872 and 1896 based on landings i ina gﬂl net ﬁshery Dam
construction began to"hamper runs in the early 1900s, and completion of the Shasta
Dam in the early 1940s sealed off most of the spawning grounds (Fig. 1). The winter
run then began to spawn in the waters doWnstream from Shasta Dam, which happer_ted.
to be cooled by dam releases at the appropriate time of year (Fisher 1994). Completion
of the Red Bluff Diversion Dam (Fig. 1) in 1967 hampered migfation to and from the
spaWning area, but also provided a means of counting almost all spawning adults each
year. Inrecent years the gates of this dam have been open during most of the uﬁstream
spa_wning migration of the winter run to enhance upstream survival. Since migrants are
no longer forced to use the counting ladder, this has greatly reduced the precision of
this abundance estimate. -
One of the unique aspects of Pacific salmon life history is that adults spawn at
nearly the same age, and they die immediately after spawning (cf. Groot and Margo_lis

* 1991), a life history pattern termed indeterminant semelparous. Most spawning

typically accurs at one age, with the remainder'at the previous or following ages. Ina
determinant semelparous populatien spg@ng ata certain.;age A, there would be A
distinct, independent subpopulations. In indeterminant semelparous species, these
subpopulatfons are not independent. We refer to them here as temporal (as opposed to
spatial) subpopulations. The indeterminant semelparity of salmon stocks raises several
questions. One, a general life history question, concerns how the relatwe degree of

semelparity affects the probability of extinction. A second, more practlcal questlon is

: TRt L LTt s . i e e el ekl e e
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whether a semelparous life history, which is mathemaucally and statxstxcally simpler,
can be used to s1mphfy the ana1y51s of extmctlon probabrhtxes

Here we develop an approach to the analysis of extinction probabilities
spedifically for the winter run chinook salmon. In doing so we encounter issues which
may be relevant to v1ab1hty analyses of other Pacific salmonids. We formulate an age
structured model of these qua51-seme1parous species and evaluate several semelparous
appro;c;r'naﬁon; V{Ve use'th]s model fo determine the current probabrhty of extinction " "
for the winter run of chinook salmon on the Sacramento River, then to develop delisting

criteria for that species. The latter include explicit account of sampling errors and errors

in estimation of run size.

A Pacific Salmon Population Model

’I‘o assess extmctzon risk in Pacific salmon, we need a population model that: (1) -
mcorporates Pacxfic salmon life hlstory characteristics, (2) reflects the’ type of data -
typically available, and (3) can be used to compute extinction in a random environment

under a variety of conditions. We will confine our interests here to populations for

which we can assume that density-dependent effects are not important. This is likely fo . |

be the case for endangered salmon populatxons which are at low abundance because of
decreased survxval through a phase of their lifé hxstory such as the spawning run. It
would not be the case for populatlons reduced to low abundancé by contraction of the
spawning habitat (Botsford 1994).

The information typically available for these stocks is the fraction that spawn at
each age, fecundity at age, and some idea of whether the population is irrcreasing or

| decreasing..« Information on fraction spawning at each age is ideally obtained from * -

tagging studies, but could also be estimated from the age distributions. of spawners over

several years. Although ages'of spawning among chinook salmon stocks range from 2
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to 8 years, the standard deviations of spawning ages within a stock range from 0.206 to

0.698 years for females, indicating members of a single stock tend to spawn near the

same age (Healy 1991). For the Sacramento River winter run chinook, we know
fecundity and the fraction of a cohort spawning at each age, but we have no direct
estimates of survival rate. In a tagging study conducted on three cohorts of winter run
chinook, 25% returned to spawn as two-year-olds, 67% returned to spawn as three-year-
olds, and 8% sp'é{vneci as four-year-olds (Hallock and Fisher 1985). Virtually all of the -
two-year-old winter run chinook that spawn are males. We formulate a model of
females only, assuming there are always enough males to fertilize all eggs, hence the
fraction spawning each year is 89% at age 3 and 11% at age 4. From fish collected at the
Coleman National Fish Hatchery over 8 years, the average fecundity is 3,353, but the
dependence of fecundity on age is ﬁnkﬁov’vn. We assume it is the same for ages 3 and 4.
We can describe the deterministic population dynamics as a linear reneWal
equation in terms of recruitment Ry, |

Ry =[Ry-2pesafa + Re3pop1(1-s2)s3fs + Ry_gpopipa(l ~s2)(1 - 53)S4f4] M

where recruitment is defined to occur in the summer, shortly after entering the ocean,
Pais survival through age a, s, is the fraction of the cohort alive at age a that spawns
(ihe‘n dies) at age a, and f, is fecundity at age ; in terms of surviving recruits (cf.,
Chuma 1981, Kope 1987, Caswell, et al. 1984, Kaitala and Getz 1995). . Thxs model
expresses current recruitment as the result of spawning by each age class present. In the
presentation of this model, we include ages 2 through 4; for other Pacific salmon species
which also spawn at ages older than 4, the form of additional terms would Vbe similar.
This model could equivalently be written in terms of a Leslie matrix. The eventual
behavior of this deterministic model is geometric increase a% arate A, where A is the

positive real solution to the characteristic equation (i.e., an Euler equation),
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1= [Kt-zposzf 2+ A 3pap1(1-59)saf3 + AT popipa(1- sy X1 - 53 )SJ4]_ @ .

and one can determine whether the population is increasing, decreasing or constant

from whether lifetime reproducﬁbn
L=[posafy +Por1 Q- sp)safs + poprpa(1- )= s)sufy] | . ®

is respectively greater than, less than or equal to 1.0.

Salmon biologists rarely describe the potential for population growth in terms of
A, rather they keep track of the number of recruits producéd per spawner, with recruits
and spawners described in directl}.'. comparable terms (i.e., both stated in terms of
numbers at the sgmé age, usually the age of spawning). This practice arose out of the
common use of stock-recruitment descriptions of the density-dependence in s;dmonid
reproduction and recruitment (e.g., Ricker 1954, Larkin 1988).

Formulation of a model that will be useful in estimating probabilities of
extinction requires an accurate description of the dominant sources of randomness in
population dynamics. Although sc;me endangered Pacific salmon populations are at .
low enough abundance that discrete demographic events must be explicitly treated as

_ ranaom (e.g., the Snake River sockeye), here we will assume high enough abun_dagce
that demographic stochasticity is not important. The main source of random variability
in Pacific salmon populations is the random environment in the freshwater phase - |
asssociated with reproductic;n. Natural and anthropogenic variability in river flows -
have a large effect on both u-pstreaxﬁ and dom&eam migration (e.g., Kjelson and - .
Brandes [1989]) for Sacramento River fall run chinook), and during these migrations
salmon will have greater exposure to a variety of other risks. There is some evidence

that even the marine environmental influences occur at the end of this period, at the -
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time of ocean entry (e.g., Kope and Botsford [1990] for Sacramento River fall run
chinook). An exception to this would be the effect of El Nino events, which have thelr
greatest ef.fect on growth and survival of adults at any age (e.g., Johnson 1988). |

To introduce random variability in the reproductive/ recruitment phase into this
model, we first rex&rite equation (1) so that it includes only terms whose values are

known. Typically, we do not know survivals p, and spawning probabilities s,, but we

know the fraction spawning at each age. We define the total number of spawners per -

recruit as
P = pgsy + pop1(1 - 52)s3 + popip2 (1~ s2)(1-s3)s4, @

then normalize each term in equation (1) by dividing by P, to form

oy = P02, PI=9)sy _ poppa(1=52)L-s3)ss -

P p - ' P

Using these in equation (1) leads to

R¢= [Rt¢2<72f 2+ Ri_303f3 + Ry_g0uf4 P ©

If fecuridity is the same at each age, we can calfit £, and factor it out of the term in
brackets. We then add a ﬁﬁfé—vérying factor that incorporates the factor needed to
normalize the coefficients (i.e., P) and fecundity (f), and reflects the influence of the
time-varying environment between the time of upsﬁeam migration (i.e., the adult -
census at Red Bluff Diversion Dam) and the first month or so of ocean life, by replacing
Pf with E¢. The resulting model is

Rl’”[Rt-20'2+Rt;.30”3+Rt_40'4]Et- ‘ - . : ; o )
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The factor E is essentially a time-varying version of Iifeﬁme reproduction L from the l

deterministic model. If it had a constant value of 1.0, population abundance would l

remain constant. Because it reflects .the relative amount that a cohort recruited at time t l

contributes to future recruitment, we refer to it as tl}e cohort replacement rate (CRR).
To project probabilities of extinction, we must describe the distribution of the - .
random”variabilit.y E;. For I;opdaﬁons'fdr which a time series of spawning counts is

available and the age distribution of spawning is known, the distribution of E{ can be '

determined empirically. For the winter run chinook, estimates of spawning run '
abundance, which we will call Sy, are available from a counting station at the Red Bluff

Diversion Dam (Figs. 1, 2). The term in brackets in equation (7) is the numbe.r of I
spawners in year t divided by P. Substituting Ri=(St /P) E for each recruitment in that °

expression yields an expression for the number of spawners in terms of past spawners, l

1

|

i

i

i

i

i

I

I

St = 09E; 95,2 + 03E; 35,3 £04E¢ 4S¢4 ®)

This expression can be fit to the spawner count data in several ways. One approach is
to use the age structure of spawners described above: 0=0.25, 03=0.67 and ©3=0.08
and determine the values of CRRs that minimize the squared differences between
logarithms of spawning abundance from the model and-the estimates of.sp'awning run
abundance. The result is shown in Fig. 2. A problem associated with this estimation
pro;:edure is the tendency for occasional negative values of CRRs. These can be
prevented by constraining e;stimated values to be greater than a small, positive value;
. but the value chosen influences the subsequent statistical ‘characteristiza‘tiqn‘ of CRR. If’
the constrained values of CRR are omitted from computation“of the g;aometric mean of
the CRRs,they lead to a positive bias, and if included, they bias the estimate of ‘the

geometric mean by an amount dependent on the value chosen as a constraint. The

\l
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was 1.031 and the constraint (CRR=0. 066) was mcurred 5 times.

- A second approach is to assume values of o9, g3 and oy correﬁpondmg toa
determinant semelparous population (i.e., 02=0.0, 03=1.0, o4=0.0). This approach
guarantees positive values of CRRs and produces an exact fit to the spawning run
abundance data. We useci the distribution of CRRs from this approach in subsequent
calculations (Fig. 3). The mean and variance of this distribution are -0.631 and 1.029,
respéétively, and it differs little from the distribution obtained using the other approach,
except for the constrained values. This approach to estimation enables one to obtain a
distribution of CRRs that is close to the actual in a situation in which the actual
distribution cannot be recox}ered from spawning abundance data (see Discussion for
further details). |

Analyses of extinction probabﬂmes for Pacific salmon will reqmre a specific
definition of extinction. For mathematical and biological reasons we use a quasi-
extinction approach (Ginzburg, et al. 1982). Quasi-extinction is defined to occur when a

~ population falls below a spécifiéd level. The mathematical reason for using this

approach is that the random matrix model as structured here will not reach an
abundance of zero. Biologically, a quasi-extinction approach makes sense because it can
reflect éxisting population mechanisms that dramatically increase population jeopardy
at low numbers. These mechanisms are Alleg'.a:'e'ffects, mwluch :rgcruiment dropsto
near zero before spawner abundance dedjnes fo zero (Allee 1931, Dennis 1989). In

Pacific salmon, the most likely Allee effects would be failure to find mates at low

abundance and predator saturation during the downstream migration or at ocean entry .

(e.g., Peterman 1987, and references therein). ; A ) .

- Pacific salmon differ from most other populatmns in that only partof the .
population (i.e., spawners) is at risk of falling below a quasi-extinction th;gghpld atany
one time. For Pacific salmon, therefore, only those currently spawning should be .
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compared to a threshold level at'any one time. The number we compare to the
threshold level is the current number of spawners, i.e., the abundance of the spawning
run, not the total number in the population. We chose a value of 100 females as the
quasi-extinction level below which we defined complete failure of a si:awning run to
occur. In an attempt to detect depensatory effects at low population levels of a number
of fish species, Myers, etal 1995 found depensation in only a few. Among the few were
several salmon stocks and in the most convincing case depensation occurred at 100
females. | | )
Defining extinction to depend on spawning runs dropping below a specific level,
presents a problem when trying to combine the effects of spawners going extinct in
various years into a definition of extinction of the whole population. A reasonable
approach is to define population extinction to have occurred when all'of the A temporal
subpopulations have gone extinct, where A is the age at wl;ich most individuals spawn.
Because Pacific salmon populations are indeterminate semelparous, not stricﬂy o
semelparous, this approach incurs a potential problem by the time the last = i it
subpopulation has dropped below the extinction level, one or more of the other - -
temporal subpopﬁlations n;aif have increased to a level such that it is no longer below
the extinct level. The likelihood of this obviously depends on how each individual
extinction of a spawning run'is treated. We chose to set the reproduction by a spawning
run to zero each time a spawning run dropped below the extinction level, """ -: .
- An interestiﬁg coﬁééquence,'of relevance to Pacific salmon 1n general, is that on
‘the time scales commof;ly c_:onsidered in computing extinction probabilities (i.e., iess, .
than 100 years), once a temporal subpopulation has become "extinct" (i.e., not spawned
at the age of maximum reproduction), it 'appears to increase from zero to above the ;.
extinct level within 100 years only very rarely. We demonstrated this for the spawning
age distribution of the winter run chinook; as well as for other distributions in general,
by simulating populations that all had the éame probability of extinction (set by .:.

D—023983

D-023983



13

adjusting the geometric mean of the CRRs). The rggﬁagx: of cases in which cohorts that
were ébunted as extinct and set to zero _subseciuent_ly rose to above the éxtinctioﬁ level .
was always less than 2 percent (Table 1). Bécatise of this, in computing probabilities of
extinction for winter run chinook salmon, most of whom spawn at age 3, we needed
only to keep track of the time at which the third temporal subpopulation went below
the quasi-extinction threshold. - .

With extinction. speczﬁed we turn to evaluatmg the sensitivity of extinction to the
values of spawning distribution used and the distribution of environmental vanquhty,
CRR. We evaluate these aspects for mean values of CRR in the range that will be of
most interest to analysts. In work with endangered species, neither a rapidly decreasing
population in danger of mlmment extinction, nor an mcreasmg population in no
danger of extinction will typically be the focus of this kind of analysis. We therefore
explore behavior for geometric mean values of CRR near 1.0.

The first quesnon we asked was whether we could approx:mate the
mdetenmnant semelparous populahon with a determmant  semelparous populanon
that spawned at the age of maximum spawning. It would be mathematically and
numerically much simpler to determine probabiﬁties of extinction of determinant
semelparous populations, because of the lack of age structure and the independence of
temporal subpopulations (e.g., using the resul.ts of Lewontin and Cohen 1969). Wé
tested this by sxmulatmg populauons with d1£ferent age'structures, starting from an
initial abundance of 10,000. We chose a dlstnbutlon of CRRs with mean in logarithms
of -0.2 and standard deviation in logarithms of 1.0 to obtain easﬂy detectable | ) )
probabilities. The results show that extmchon probablhtles for Pacific salmonids are
sensmve to the distribution of : spawning over age Probabilities of extmchon for |
determmant semelparous populatmns increase much more rapidly with time than
populatmns that have even the shghtest number of mdxwduals spawmng at other ages

(Fig. 4). In addmon to the 1mportance this result has in companng life histories, 1t has a
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disappointing effect on prospects for analysis. ‘Approximating indeterminate
semelparous populations with detérmiﬁate semelparous populations does not appear
feasible.

The next question addressed was how sensitive the probabilitiés of extindion
were to the actual shape of the distribution of CRRs. We wanted to know whether in
sunulatmg thls p0pu1at10n we needed to sample from the dlstnbutlon of CRRs
indicated in Fxg 3, or we could sunply use a Gaussian distribution of In CRR with the * °
same mean and standard deviation of In (CRR). The distribution of In CRRs (Fig. 3) is
not Gaussian using the logarithmic test appropriate for data which may not match'in
the tails (p<.001; Zar 19845. To test whether we could use a Gaussian disfribution, we |
compared extinction probabilities from simulated populations with the CRRs in Fig. 1 to
those obtained from simulations uéing a Gaussian.distributio.n with the same mean and
standard deviation. The results indicated that a Gaussian distribution gives
probabxhtles of extinction very close to the values obtained with the estimated

dlstnbutlon. Thus, in this case, probabllmes of extmcuon appear to be relauvely
insensitive to the dlstnbuhon of randomness in enwronmental effects about any

specified mean near 1.0. For the following analyses we used Gaussian distributions of
In CRRs. ‘

- Viébility and ‘Recovéry} of Winter Run Cf\inook

v e

We can now apply this model of extinctior{ of a salmon popu.latiori to the
practical problems assoaated with recovery of the wmter run chinook stock. Of the -

three functions that v1ab1hty modehng can fuJﬁll, (1) assessment of the current
probablhty of extmctmn, 2 formulatxon of dehstmg cntena, and (3) evaluation of :

strategies for recovery, the fxrst is trivial for the wmter run chinook. Here'we focus on

the second, and make only qualitative comments regardmg the third. From the
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geometric decline in spawning abundance in Fig. 2, fhe computation involved in the

first task is merely a formality for this .pol.).x.l_la:tiq-n. Based on the distribution of female

spawning over age, and the distribution of CRR estimated above, the probability of the

winter run chinook salmon going extinct soon is essentially 1.0.

Delisting Criteria ....- . , ...

The delistin.g criteria.are a complete, quantitative specification of the conditions
that the listed stock must meet to be considered to have recovered to the point that it is
no longer likely to be in immediate danger of extinction in the near future. Quantitative
specification of the daﬁger of extinction requires definition of the time period and
probability level we will consider safe from extinction. For the winter run chinook; we
decidedona probability near 0.1 overa period of 50 years. This is Iess conservative . .
than criteria used for some other spemes, but is considered safe in light of the fact that
this population will be closely monitored, not just brought to the delisting level, then
assumed recovered, without further attention. i

The choice of conditions to be required for delisting is a critical orie. In most
recovery plans for the U.S. ESA, only population abundance has been specified.
However, specification of abundance only does not comple%ely reflect future prospects
for population abundance and e'xtinc,_t.iqn; ‘Raﬁie.r some specification of population _,.

growth rate is required. This is espedahy important for salmon stocks fora couple of

. reasons. First, salmon stocks can be increased to high abundance fairly quickly and -

easily through artificial propagation. It would not make sense to specify a delisting
abundance tha.t could easily be mei by construdion of a temporary hatchery. Second
natural population growth rate is an mtegrated reflection of the varjous factors affechng
habitat quality. Hence, including it in dehstmg criteria specifies general habitat :

DL e M segran % gM gwewy .= tiiensat e . e . Nt ag seseesmestiiad
D S A R B R M TR TR S R o [EEENREL ST RS S OR AR I S
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improvement as sugges't;ed for salmonidﬂstécks‘(N ehléen, et al. 1991, Healy 1994,
Waples 1994), as well as for endangered species _in'g"'éneral (T eaf, et al. 1993).
Construction of the delisting criteria thus requires choice of the population
growth rate and abundance to be specified. Here we use fhe geometric mean of CRR as
the definition of popuidation growth rate. One could choose the values of‘population
growth rate and abundance required for delisting based on the tradeoffs involved in
their combinedi éf'fects. on probability of extinction (Fig. 5). For the definitions used
here, a decline in the mean of the natural logarithm of CRRs of 0.2 requires an increase
in specified initial abundance of roughly an order of magnitude to maintain the same
probability of extinction. While this figure demonstrates the trade-off between growth
rate and initial population abundance, we dici not use it directly to choose an acceptable
combination because it does not include the effects of estimation and sampling errors on
probability of extinction. We chose a population growth rate of In(CRR)=0.0 somewhat
arbitrarily because it corresponds to a constant deterministic population. We then chose
a level of spawning abundance to satisfy the condition on frobabilify of extinction (ie.,
less than 0.1 over 50 years). 'A s;pawning abﬁndance of 10,000 yields a probability of
extinction near 0.1 when sampling and estimation error are accounted for. We use that
spawning abundance in the following calculations to demonstrate how accounting for

sampling and estimation error increase the correspondmg probability of extinction from
thevaluelessthanOOlshowanlg 5 to near'0.1. S ~

...... -

Sampling Error -

Direct use of the relationships‘iﬁ'Fig. 5 is limited by the fact that at the time of -
possible delisting, we would not know the geometric mean of CRR, but rather would -
have to estimate it from recently observed values of spawning aburidance. Because that

estimation would involve some error, we must include the effects of that imprecision on
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the resulting probability of extinction. To include the error in the estimate of CRR, we
write the probability of extinction as the probabilities of extinction for each possible

value of CRR, summed over the probability of occurrence of each value,

plextinction] = 3} plextinction!EIp[EIE], ©
E )

~ where E= the geometric mean of CRR and E = the estimate of the geoine_tric mean of

CRR. To investigate the effects of sampling variability on the probability of extinction,
we note that the effect of many estimates of E of 1.0 would be a distribution of true
values of E equal to p[i‘.—l E] with E=1.0, so that we can represent p[-ﬁli] with
p[? |E =1.0] in equation (9). One could estimate the probability distribution of the
estimate p{flf = 1.0] from a description of the errors incurred in the estimation of CRRs
described above. However, the relative insensitivity of the probability of extinction to
the distribution of CRRs and the age distribution used to estimate the distribution of
CRRsL(Vir'x‘clﬁdi‘rﬁlg a determinaiit semelparous distribution) suggest a simpler,
approximate approach. Estimation of the geometric mean of CRR in the semelparous
case can be accomplished by estimating the mean of the logarithm of the CRRs, an
estimate whose sampling statistics are well known. The variance of the estimate is the .
variance of the samples divided by the number of samples, and the distribution of -
errors is Gaussian if the variance is known, and Student-t if it is not. Since future
habitat improvexﬁént will be'ﬁkely'to jead to less variability in the environment, we
have made the conservative assumption that the variance in the samples will be the -
same as the current variance and have not estimated it. Thus the variance in the
estimate of the mean of the logérithm of the CRRs is the estimated variance in In(CRR)
divided by the number of samples used to estimate the mean of In(CRR). ~ ~ S
To estimate the effect of varying sample size on probability of extinctior, we

simulated populations with a‘n.‘initial abundance of 10,000, the baseline spawning --".> . -
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distribution and the estimated standard deviation of CRRs. For each sample size, we

computed the standard error as the standard deviation divided by the square root of the

sample size, then the probability of extinction for evéry possible estimated value in that .
distribution, assuming a mean In(CRR) = 0.0. We summed over all of these as indicated
by equation (9). The results show the dramakié E&’ec't of sainple size on the probability
of extinction (Fig. 6). At least 7 samples are rec{uired to reach the range of probabilities

less than 0.1. Note that n samples indicated in this figure would requires n+4 yearsof - s

spawning abundance data to estimate the required number of values of CRR.

Measurement Error

These results assume that spéwm’ng abundance is known exactly, whereas for
most endangered salmonids, spawning abundance will involve an error, which we term
measurement error here. For example, for the winter run chinook, spawning rqns';_x'yg;‘er
known with negligible error from 1967 through 1985 from counts taken at the Red Bluff
diversion Dam. Since '1985, however, the gates of that dam have been open during the
early portion of the migration of winter run, hence spawning counts are available only
durilig the last 13 weeks of the 35 week run and abundance must be estimated with
associated error.

We can determine the imé‘ac_t of me_asgfe‘ment error on our estimate of the .
geometric mean of CRR by approximating it with the value that would.correspond toa
population with a single age of reproduction. If all individuals reproduced at the same
age, Et= Nt/ Nt3. Since most methods of population estimation have a certain
percenfage €rTor, errors in logaﬂthms of CRR would be additive, resulting in an error in

In(Ep) of 20p2, where oy is the vanance of the measurement error involved i in
estimating the logarithm of spawning abundance. The impact of this error on the
estimation of extinction prqbabmges_as_sogated .Wlth esumanng In(CRR) can be . ‘_ L
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determined by simply adding 20Mm?2 to the error-free environmental variance. The
resulting relationship can be displayed as extinction rate in terms of both sample size

and estimation error (Fig. 7). From these results one can choose the combination of

sample sizes and estimation errors required for recovery.
For the winter run chinook salnion, for example, we chose an estimation error of

25 percent, which is achievable in many population estimates in general, and
corresponds to a reqairement of 9 eamples. This requires that a newmethod of
estimating spawner abundance be implemented. Note, however, that we could have -
used the current method of estimating spawner abundance and required additional
samples. The precision of the current method can be estimated from a regression of
complete counts (weeks 49-32) (Fig. 8) from 1967 to 1985 on counts from the current
counting period (weeks 20-32). A fegression of natural logarithms with slope 1.0 yields

‘a mean-squared-error of 0.831, which corresponds to an approximate percentage error

of a little over 100 percent (the one standard deviation range is from 0.44 to 2.22 times
the estimate). From Fig. 7, continued use of those counts would require abou_t 18 M
samples.

- From these considerations delisting criteria were chosen for the winter run
chinook salmon that specified population growth rate in addition to abundance, and
accounted for samplmg as well as estimation error. The abundance Ievel chosen was

10,000 spawners per run, and the geometric mean CRR was chosen to be 1 0. The

number of samples of spawning abundance was chosen to be 9, assuming an estimate of .

spawning abundance with error less than 25 percent. If that error could not be

achieved, the number of samples was specified to increase by one sample for every 10

percent error greater than 25 percent. ‘These are not the only choices that yield a

probability of extinction over 50 years of 0. 1. The combmatmns of number of years for
which estimates of spawning abundance are reqmred the Spawning abundance, and .

standard error (in loganthms) of measurement error are shown in Fig. 9. Note that L
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specifying higher mean abundance in spawning runs would require fewer samples for
the estimate of population growth rate. On the other hand, mean abundances less than

110,000 quickly begins to require a prohibitive number of samples.

Discussion
These results were obtained in the formulation of a model for assessing risk
specifically for the winter run of chinook salmon in the Sacramento River, however |

some of them apply to anadromous Pacific salmon in general, while others have

important implications for endangered species in general.

Winter Run Chinook

" While the model déveloped for the winter race of chinook salmon on the
Sacr_améntd River may ﬁf’oﬁde some basis for thé dnalysis of population viability of
Pacific salmon in general, some of the characteristics of this stock are unique. Because
the geomeﬁ-ic decline in abundarice indicates low édhstant survival, rafher than density-
dependence;and a rapid decline in a limiting resource such as the amount of spawning
aréa, the model developed does not include dehsity-depgndgnce. It would, therefore,
ot apply to Iiopulatiéﬁs éufrénﬂy.ét low abundance due to reduction in spawning
area, for examldle. Emlen (1995) included density-dependence in recruitment in 2 model

of the spring run of chinook salmon on the Snake River and found that while

- abundance depended on a parameter reflecting carrying capacity, extinction depended

primarily on the den31ty-mdependent parameter. Because the winter run canbe *
considered to be isolated fromlthe other major runs and there is currently only one -
spawning Jocation for this stock, the modél developed was fora singlé population. - -

Some Pacific salmon stocks, in particular those that are not mainstem spawners, will *
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require metapopulation models with §ﬁgy§;jg tgegveeen subpopulations. A third
characteristic of winter run that is scﬁnewhat special is fhe availability of a time éeries of
spawning abundance. For some stocks, such as most coastal coho salmon stocks in
California, there will be only aggregate catch data from the fishery, while for others,
such as some spring run and summer run chinook salmon on the Columbia River and
the Snake River the information on age structure necessary for completerun
reconstruction wﬂl be évailéble. _ ' | _

. Most of the results obtained here employ the life histofy characteristics of winter
run chinook, hence apply directly only to a stock with that spawning distribution. The
winter run tends to be closer to determinant semelparous than the other Sacramento
River runs (Fisher 1994), and probably most chinook stocks (FHealy 1991). We have in
several instances evaluated the sensitivity to specific parameter values, hov&ever
prudent use of this apprqgch_yvﬁl require evaluation of specific parameter values. Fe;'. ‘
clarity, we did not present the age-structured model in.terms of completely general
Sums over an arbitrary number of age classes, but the extensions are suaightfomafd. ~

Some of the specific numerical values ;hoéen in the viability analysis of the
winter run chinook deserve comment. That the time period (50 years) and the threshold
extinction probability (0.1) are respectively on the low and high sides of the ranges of

commonly used values ‘may appear nsky However there are several other aspects of

~ the formulation that tend to be conservahve The most sxgmflcant is the mclus1on of the

" effects of uncertainty in estimation of parameters for dehstmg From the low

probabﬂmes of extinction corresponding to Iugh numbers of samples on Fig. 6, one can
see that if we ignored the effects of uncertainty, the stated probability of extmchon
would be less than .01. Also, we assume that the winter run chinook salmon wﬂl bea
closely monitored pdpu.lation The presence of four other salmon stocks in this system,
one of which has been prpposed for listing qnder the BSA, and the central in1p'<.>1;tanee.
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of these waters to California's agncultural economy 1mp1y this populatlon will be
closely watched. '

* One of the ongoing and important aspeoté of viability analysis of this winter run
chinook not described here is use of this model to formulate recovery strategies. |
| Recovery strategles requ.u'e determination of the effects on CRR of controllable
mﬂuences (e.g., river ﬂows, harvest) and uncontrollable influences (e.g., precxplta'aon,
ocean condmons) These can be determmed either by assessing covanablhty between
CRRs and environmental time series or by incorporating environmental time series
directly in the estimation of CRR. Recovery strategies can then be formulated from the
combined effects of these various influences and consideration of extraneous factors.
The fact that extraneous factors for one salmonid stock may involve other salmonid
stocks linked either through migraﬁon and a metapopulation structure, a common

harvest, or a common source of water for dam releases may lead to consideration of

actions that will lead fo twio levels of population growth, one during the recovery phase’
and a second during the recovered, sustained population phase. Use of artificial rearing
may be considered in the former. Uncerfainty in the estimation of the effects of various
factors on popﬁlation growth rate suggest close monitoring and adaptive responses
dunng the i mcreasmg phase An mformatlve way of descnbmg predicted outcomes is -
in terms of times fo recovery “As part of that pro]echon, for the delisting criteria
developed here, a populatlon that should qualify for delisting, i:e. one for which
abundance is 10 000 and the mean 1n(CRR) is 1.0, will sahsfy the criteria in the first

p0531b1e year more than 60 percent of the time.

Pacific Salmon

e een .

several stocks at once. Recovery strategies require consideration of the combination of '
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In a population of anadromous Pac1ﬁc salmon, the md1v1duals cun'ently
spawning are in greater jeopardy than the rest of the populatlon, hence all individuals
in the population are not under the same nsk, as assumed in most ‘medels Qf population
viability. Also, most Allee effects considered for Pacific salmon depend on numbers in
a spawning run as opposed to total numbers in the population. Asa consequence of |
these, one cannot take the typxcal quasi.-egtincﬁen approach (Ginzburg, et al. 1983) of
computing the probabilitsr ot totai abundance being less that a tltreshold, but t-ather ‘
must compute the probability of a segment of the population (current spawners) being
below a threshold. The fact that an Allee effect can depend on abundance of only part
of a population is not completely unique to Pacific salmon. Although rarely mentioned,
it would be true of any population in which, for example, failure to find a mate is the
purported Aﬂee mechanism underiying the threshold (see Cisneros-Mata, et al. [1996]
for some of the unphcatmns) o v | |

The combmatlon of thgm_determmant semelparous life hlstory and the o
vulnerabxhty of  spawners, rather than the whole populatmn make the deﬁmtmn of
probability of extinction for Pacific salmon somewhat problematic. Setting spawning
runs to zero when they dropped below threshold and keeping track of only the A

temporal subpopulations (for a species spawm’ng primarily at age A) was

g e
~,

-y

studymg .
The accuracy of estzmatmg CRRs from time series of spawmng abundance of

Pacxﬁc salmon w111 depend on the age structure (i.e., the values of oa), as well as

measurement and structural errors in the data The estimation procedure is essentlally

‘a deconvolution of the age-aggregated spawning data, hence the numencal properues

of deconvolutxon (Kope and Botsford 1988) can be used to assess these dependenaes .
Declining age, structures (i.e., o4<03<02) wﬂl Iead to better estlmates of CRRs than those
with partial recruitment of younger age classes (1 e, 02<03) The age structure used
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here to estlmate the CRRs is partlcularly error prone, ‘but others may not be.
Measurement errors for the direct counts available for winter rin chinook are probably
quite small, and will probably be greater where other methods are used. ‘Structural
errors (i.e., temporal variability in values of Ta) could be large in i’aciﬁc salmon. The
age of matunty can vary from year to year in Pacxﬁc salmon (e. g., Peterman 1985).
While these problems may affect the precxsmn , of estimates of individual values of
CRRs"b;ec;u.sedof the relative msensmwty of.pfo‘b—ablhtles of extinction to the exact form'
of the distribution of CRRs, we do not expect they influenced the results obtained here.
However, they provide a rationale for the use of CRRs estimated using the semelparous
assumption rather than the noisy estimates obtained using the observed age structure.
The large difference m probabilities of extinction between the determinant and
indeterminant semelparous models (Fig. 4) impﬁes there may be a broad range of
exﬁnction risk among Pacific salmon with different life histories. Cognizance of this
fact provxdes a rationale for orgamzmg and ]usnfymg deferent levels of protectlon for
the various stocks. This result also unphes that the effect of harvestmg ontheage ™
structure of a Pacific salmon, which is to skew the age &stuhon to fewer, lower ages,
will be to increase the risk of extinction. This result for indeterminant semelparous
populations is consistent with the idea in life history theory that distribution of
reproduction over éeyefal agés leads to greater persistence in semelparous populations -
(g Murphy 1967, Stearns 1992). C T .
" The fact thata determmant semelparous s model fails to approx:mate an

indeterminant semelparous model that differs only margmally is also disappointing

from a methodologzcal pomt of view. Bemg able to approxzmate an mdeterrmnant

vanety of sunple approaches useful (e g v ‘Lewontin and Cohen 1969) Furthermore, the

mdetemunant semelparous life h1story of Pacific salmori casts dotibt on the applicability

of some otherwise useful general results (e.g., expressxons for ‘the distribution of
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abundance of age structured populations [Tuljapurkar 19832] and the consequent
d1ffusmn approximation [Lande and Orzack 1988] assume  iteroparous populanons)
Use of analytical methods which assume either determinant semelparous or strictly
iteroparous populations should be carefully evaluated before use in the gray area of
indeterminant semelparous populations. Viewing these indeterminant semelparous
populations as temporal _inetapopulaﬁons with marginal "dispersal” l)etween thexn is

probably a useful metaphor. -

Endangered Species

The large disparity between the probability of extinction computed froma
specified value of average population growth rate (CRR) and the probability of " '
extinction computed from an estimate of population growth rate (Fig. 6) implies that
similar uncertainties should be explicitly accounted for in delisting criteria for other . .
species. The sensitivity of extinction rate to uncertainty in the estimated value of nlean
population growth rate follovys from the fact that the probability of extinction depend,s :
sharply on the mean population growth rate (i.e., in the case addressed here
dP[E]/ dE<<-1 near ln(CRR)=0 0). Therefore any uncertainty in the value of average
population growth rate increases the probabxhty of extinction dramancally Tlus result
is not specific to the use of cohort replacement rate, but-would also be true for other
measures of population growth rate such as the rate of geometrici mcrease, A ‘

Accounting for such uncertainties is not without problems, both conceptual and

real. In computing the impact of uncertainty in the mean value of In(CRR) on the L

* probability of extlnctlon, we needed the conditional distribution of actual values of

In(CRR) given the estimated value of 10, Wluch is unknown. Because 1t is unknown, we
used the conditional distribution of esumates givena true value of L.0. Because tlus is,

one of the terms in the desired condmonal distribution expressed using Bayes theorem,
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this is a reasonable approximation, especially consiaéﬁng that there is no prior
knowledge of the mean value of In(CRR) under current conditions. A Bayesian
approach to this is an alternative that SOmeJmay wish to pursue.

A second recommendation for delisting criteria for endangered species in general
is the inclusion of some meastire of population growth rate as a criterion. This allows
the delisting decision to depend on the direct consequences of improvement in quality
of the habitat an'dvenv‘ii'bnment of the listed species. The improvement of natural
habitat has been a de facto recoﬁmendaﬁon associated with almost all listed species,
but delisting criteria have typically not included a specific measure of habitat
improvement, except insofar as it might be reflected in current total abundance.
Specifying abundance may in some cases adequately reflect habitat quality, but not as
specifically and compréhensively as speg:ification of population growth rate. This is
particularly im?ortaﬁt for Pacific salmon and other species that are easily cultured

" There is little special in.duf'thﬁfée;fhai the average growth rate be 1.0 (i, that
the geometric mean of CRR be 1.0). It has some appeal due to its deterministic
'equivalént ofa self-éﬁétaining' populatioh, but other values could be chosen. Maﬁagem
should be aware that since the distribution of abundance is lognormal, such a
speaﬁcatwn only 1mphes that the median populatlon have a growth rate of 1.0; the .
mode may be less. Atsome pomt ‘the balanice Between extremely low probabllmes of
extremely high populatlons and populatlons ‘with growth rates less than 1.0 becomes ~
meaningless, and an adaphve approach with close monitoring becomes more
reasonable. R '

Onie of the somewhat theoretical aspects of the use of a criterion involving -
.'populatiox'i gdeth réte is the privileged tatus given to the first year and the last year
used in the estimation of the average "growth rate , which in this case is the mean of '

In(CRR). This status can be most easxly seen inl the completely semelparous case, in *
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which estimation of CRR involves dividing the number of spawners in one year by the
number spawners in the year that would have produced them. In the geometric mean |
of these, all abundances would cancel, except for the first and last. A similar situation
arose in the method used for estimating A developed by Heyde and Cohen (1985), but
they found that none of their attempts to incorporate intervening values improved the
estimate of the mean. . , N ‘ S |

" In summary, we have developed evaluated and apphed a model for v1ab1hty
analysis of a Pacific salmon that directly reflects the winter run chinook in the
Sacramento River. The facts that density-dependence is not important in this species
and that itis a single population, rather than a metapopulation ntake this stock, and the
model, somewhat special. Hovvever, it illustrates many of the issues relevant to
recovery of the many depleted stocks of Pacific salmon, and at least presents anull case
that can provide a context in which to evaluate the more complex s:tuatlons appropnate

for other Pacific salmon. Some aspects of this formulahon may be advantageous for

endangered species in general. These include specxﬁc accountmg for unc:ertamty in

estimating population parameters, and the direct specification of habitat 1mprovement

in terms of its effect on population growth rate.
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Table 1. In simulations of WRCS beginning at spawning runs of

10,000, the percentage of years in which an extinct cohort

increases to above the cx;inction level. In all cases mean InCRR
were adjusted so that the probability of population extinction in

50 years was 0.05.
Spawning Age Distribution Minimum Cohort Size

2 3 4 100 50
-0.00, 1.00 0.00 0.00% 0.00%
0.01 ° 0.99 0.00 1.66% 1.35%
0.00 0.99 0.01 1.87% 1.38%
0.01 0.98 0.01 1.02% 0.74%
0.10 0.90 0.00 1.15% 0.92%
0.00 0.90 0.10 1.39% 1.12%
0.10 0.80 - 0.10 0.38% 0.33%
0.00 0.89 0.11 140%  1.18%
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Figure Legends

Figure 1 A map of northern California shbwing the former spawning area pf
Sacramento River winter run chinook salmon upstream of the Shasta Dam, the

location at wluch adults are counted (Red Bluff Diversion Dam) and the

mlgratmn path to the o ocean. IR -~

Figure 2 The count of the numbers of winter run chinook salmon spéWners traversing
the Red Bluff Diversion Dam (solid line), along with the fit to these data used

to estimate cohort replacement rates. (dashed line). The iriset shows the same

information on a logarithmic scale.

. Figure 3 The distribution of the natural logarithms of cohort replacement rates obtained

from the fit to the spawner counts in Fig. 2. Note that most of the values are

less than zero, the value corresponding to a constant population in the

deterministic case.

Figure 4 The effect on age structure on probability of extinction. The increase with time
in pfobability of extinction for a semelparous population with spawning at age
3, and for similar populations with oite and ten percent spawning at ages 2, 4
. and both ages. The mean of In(CRR) was -0.2 and the variance was 1.0. Note
the Ia.rge difference between the semelparous case and the spawmng
distribution estlmated for the winter run, 0.89 females at age 3 and 0.11

~ females at age 4.
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Figure 5. Probabilities of extinction of the model of the winter run chinook salmon for
various values of means of the natural logarithms of cohort replacement rate

and initial population abundance that could be specified in delisting criteria.

Figure 6. The effect of sampling error on probability of extinction. Probability of
extinction within 50 years for a population starting at 10,000 females per

spawning run if the geometric mean pépﬁlatfdﬁ growﬂl rate is estimated tobe -

1.0 (i.e., mean In(CRR) estimated to be 0.0) on the basis of a specified number
of samples of In(CRR) where the standard deviation of In(CRR) is 1.0.

Figure 7. The effect of estimation error on probability of extinction. The probability of
extinction at various levels of precision in the estimate of spawner abundance
[the standard error in the estimate of In(spawners)] for several Yalpes of the
number of samples used to estimate the mea'ﬁ of In(CRR). .

Figure 8; A regression of the counts at Red Bluff Diversion Dam during the complete
annual run on the counts during weeks in which counts are currently made,
and from which total run abundance is cufrently predicted.

Figure 9. Combinations of parameter values in'the recdx?ery aiteria that meet the
requiremént that p[extinction]<0.1 in 50 years. These are number of éamples
used to estimate the CRR, the abundance of spawners in a run and the
standard errér in estimating spawner abundance. The values used were 9

samples, 10,000 spawners and a standard error in In(spawners) of 0.25.
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